In this paper, the global asymptotic stability of interval systems with multiple unknown time-varying delays is considered. Some criteria are derived to guarantee the global asymptotic stability of such systems. A numerical example is provided to illustrate the use of our main results.
INTRODUCTION
Interval systems, with or without delays, have been extensively studied in w x recent years; see, for example, 24 , and the references therein. This is due not only to theoretical interests but also to a powerful tool for robust w x system analysis and practical control design; see, for example, 20 . The derivation of sufficient conditions for the stability of interval systems with time delays is, in general, not as easy as that without time delays. Depending on whether the stability criterion itself contains the delay argument as a parameter, the stability criteria for interval systems with time delays can be classified into two categories, namely delay-independent criteria and delay-dependent criteria. Generally speaking, the former 29 0022-247Xr97 $25.00 are more conservative than the latter. To the best of the author's knowledge, in the past, there were a number of interesting developments in the stability analysis of interval systems with time delays, but these were mostly restricted either to the constant time delay cases or to searching delay-independent criteria for time-varying delay cases. In many practical time delay systems, however, the delay terms usually vary with time, temperature, or other factors. It is the purpose of this paper to investigate the global asymptotic stability for interval systems with multiple time-varying delays.
This paper is organized as follows. In Section 2, some criteria are proposed to guarantee the global asymptotic stability of interval systems with multiple time-varying delays. An example is given in Section 3 to illustrate the main results.
PROBLEM FORMULATION AND MAIN RESULTS
For convenience, we define some of the notation that will be used throughout this paper as follows:
ᑬ: the set of all real numbers, Consider the following functional differential system:
Ž . where x is the segment of x s for t y H F s F t with H ) 0 and
, and t is a given continuous vector-val- 
In this paper, we consider the following interval system with multiple time-varying delays described, using differential inclusion, as 
It is our goal to find some criteria such that the global asymptotic stability Ž . of the interval time delay system 2 can be guaranteed.
Define
Clearly, all entries of the matrices A 's, ᭙ i g q, are nonnegative. Thus,
the problem can be restated as follows: Search for some criteria such that the following system
is globally asymptotically stable for every uncertain matrix A g ᑬ n= n p, i
Ž . Remark 1. Owing to the unknown delay arguments h t 's being time-
varying, the family of characteristic quasi-polynomials of system 2 do not exist in general. Note that most papers in the literature on the stability of w x interval time delay systems, such as 2, 3, 7, 12, 13, 15᎐17 , focused on a family of characteristic quasi-polynomials in view of their being limited to the case of time-invariant interval systems with constant time delays. Now we present our first main result, which is a delay-dependent criterion, for the global asymptotic stability of the interval time delay Ž . system 2 .
Ž . THEOREM 1. System 2 is globally asymptotically stable pro¨ided that there exist a nonsingular matrix T, a set L : q, a positi¨e constant ␣, and a positi¨e-definite symmetric matrix P such that
with A [ A q Ý A , and
Ž . Let x t s T y t , where T is any nonsingular matrix. Thus, from 7 , we have, for each t G 0,
Define the dynamic system
Ž . 12 Ž . Ž .
Ž . Ž . By 6 , there exists a sufficiently small constant ) 0 such that P Ž .
Ý Ý
In the spirit of Lemma 1, with u t s P и t ,¨t s P и t , and min max 
Ž . Ž . system 9 and system 2 are both globally asymptotically stable. This completes our proof.
Setting L [ л in Theorem 1, we may obtain the following delay-inde-Ž . pendent criterion for the global asymptotic stability of system 2 .
Ž . COROLLARY 1. System 2 is globally asymptotically stable pro¨ided that there exist a nonsingular matrix T, a positi¨e constant ␣ , and a positi¨e-definite symmetric matrix P such that
Simply setting L [ p in Theorem 1, we may obtain the following Ž . delay-dependent criterion for the global asymptotic stability of system 2 .
Ž . COROLLARY 2. System 2 is globaly asymptotically stable pro¨ided that there exist a nonsingular matrix T, a positi¨e constant ␣ , and a positi¨e-definite symmetric matrix P such that
A , and
Remark 2. In some cases, the uncertain matrices A 's, ᭙ i g q, can
be represented as rank-one-type structures, i.e.,
and e is defined as an n = 1 unit vector with ith element equal to 1 and r w x < < equal to 0 otherwise 9 . It can be easily shown that A F A , ᭙ i g q.
Consequently, the results of Theorem 1 and Corollaries 1 and 2 are also applicable to interval systems with rank-one-type uncertain structures.
Remark 3. Note that the appearance of time-varying delays is allowed in our consideration. Furthermore, the uncertain matrices A 's i g q, of Ž . Remark 4. Even if we only consider the interval system 2 without any delay, it is shown in the following that Corollary 1 is less conservative than w x w x Corollary 1 in 9 and Theorem 1 and Corollary 3.2 in 24 . Since Corollary w x w x 1 in 9 is less conservative than the other two, as illustrated in 9 , we only w x explain that Corollary 1 in 9 is more conservative than Corollary 1. The w x sufficient condition of Corollary 1 in 9 can be described, in our notation, as
It follows that there exists a sufficiently small positive constant such that
Thus, it can be readily deduced that
and P Ž . Ž . Remark 5. Even if we only consider system 2 with time-varying delays but no uncertain interval, i.e.,
it is shown in the following that the condition
implies that there exist a positive constant ␣, a nonsingular matrix, and a positive-definite symmetric matrix P such that
Ž . Thus, by Corollary 1, system 2 is evidently globally asymptotically stable. Now we illustrate it as follows. Let
Ž . Ž .
0
Ž . Clearly, ␣ is a positive constant in view of 26 . It can be easily deduced, from Lemma 3, that
Ž . Ž . Furthermore, from 26 and 27 , it can be verified that
w x Ž . The sufficient condition of Corollary 1 in 21 is exactly the same as 26 for the system with constant commensurate time delays, under which the global asymptotic stability of such systems can be guaranteed. Consequently, we conclude that Corollary 1 is also less conservative than w x Corollary 1 in 21 .
ILLUSTRATIVE EXAMPLE
We provide an example in the following to illustrate our main results. Consider the following interval system with multiple unknown time-varying delays described as Ž . which is a member of the interval system 28 , are depicted in Fig. 1 .
